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Abstract
We have identified mouse and human cDNAs encoding a novel secreted BMP inhibitor, which we have named ectodin. It is most
homologous (37% amino acid identity) to sclerostin that is a secreted BMP antagonist. Recombinant ectodin protein produced in cultured
cells was efficiently secreted as a antagonist. Ectodin inhibited the activity of BMP2, BMP4, BMP6, and BMP7 for mouse preosteoblastic
MC3T3-E1 cells, and bound to these BMPs with high affinity. Ectodin is intensely expressed in developing ectodermal organs, including
teeth, vibrissae, and hair follicles. However, it is absent from the hair placodes and from the enamel knot signaling centers in teeth. In
addition, several cell layers surrounding the enamel knots were completely devoid of ectodin transcripts. We analyzed the regulation and
function of ectodin in tooth germs. Recombinant ectodin protein antagonized the BMP-mediated induction of Msx2 expression in cultured
tooth explants, indicating that ectodin is a secreted BMP inhibitor. BMP2 and BMP7 stimulated ectodin expression in tooth explants,
showing that it is part of a feedback mechanism controlling the activity of BMPs. The stimulation of ectodin expression by BMP was
prevented by SHH and FGF4 but not by Wnt6. Hence, the feedback mechanism whereby BMPs upregulate their own inhibitor is
counteracted by signals coexpressed with BMPs in the enamel knot. We conclude that ectodin is a novel BMP inhibitor which integrates
BMP signaling with the SHH and FGF signal pathways and contributes in defining the exact spatiotemporal domain of BMP target field
around the ectodermal signaling centers.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Bone morphogenetic proteins (BMPs) are secreted signal
molecules belonging to the TGF superfamily (Kingsley,
1994). More than 30 BMPs are known and they regulate
embryonic development in all animals and practically in all
tissues and organs. It has become apparent that the fine
tuning of BMPs is critical for a variety of their functions, for
example, in neural induction, limb morphogenesis, and
skeletal development (Von Bubnoff and Cho, 2001; Bale-
mans and Van Hul, 2002). The functions of BMPs are
regulated at many levels and include intracellular, cell sur-
face-associated, as well as extracellular modulators. An
increasing number of secreted BMP antagonists have been
described during the last 10 years. In vertebrates, such
proteins include noggin, chordin, chordin-like, follistatin,
FSRP, and DAN/ Cerberus protein family (Balemans and
Van Hul, 2002).
BMPs, in particular BMP2, -4, and -7, have significant
functions in the regulation of the development of ectoder-
mal organs, such as teeth, hairs, and glands. In addition to
BMPs, paracrine signal molecules belonging to other con-
served families, such as fibroblast growth factor (FGF),
hedgehog (Hh), Wnt, and tumor necrosis factor (TNF), play
important roles in the morphogenesis of ectodermal organs
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(Millar, 2002; Thesleff and Mikkola, 2002). The signals are
used reiteratively during organogenesis and they regulate
interactions between the ectodermal and underlying mesen-
chymal tissues as well as within one tissue. A characteristic
feature of the morphogenesis of ectodermal appendages is
the punctuated coexpression of multiple signals in clusters
of ectodermal cells. These signaling centers form first in
ectodermal placodes marking the initiation of organ devel-
opment. Subsequently, new centers appear reiteratively at
key morphogenetic steps. The enamel knot is a signaling
center in developing teeth which expresses more than 10
signals, including SHH and several members of the FGF,
BMP, and Wnt families, and its role in regulating the pat-
terning of tooth crown has been well established (Jernvall
and Thesleff, 2000; Jernvall et al., 2000). It is apparent that
the different signaling pathways are integrated at many
levels and form complex networks.
We report here the identification of a novel secreted
BMP inhibitor which is intensely expressed in developing
teeth and other ectodermal appendages. We have named it
ectodin, for ectodermal BMP inhibitor. We show that ecto-
din antagonizes the inductive function of BMPs on Msx2
expression in cultured dental tissue. We also demonstrate
that ectodin expression is induced by BMPs. We observed
that the expression of ectodin is strikingly downregulated in
and around the enamel knot signaling centers in teeth, and
show that SHH and FGF4, which are produced in the
enamel knots, inhibit the BMP-induced expression of ecto-
Fig. 1. (A) Comparison of amino acid sequences of mouse and human
ectodin and mouse sclerostin. The numbers refer to the amino acid posi-
tions of mouse and human ectodin. Asterisks indicate identical amino acid
residues of the sequences. Putative secreted signal sequences and cysteine-
rich regions are indicated by bold letters. hect, human ectodin; mect, mouse
ectodin; mscl, mouse sclerostin. (B) Comparison of amino acid sequences
of cysteine-rich regions of mouse ectodin, sclerostin, and members of the
Dan/Cerberus family. Conserved cysteine and glycine residues are indi-
cated with 1–8 and g, respectively. Amino acid residues of sclerostin and
members of the Dan/Cerberus family (gremlin, cer1, and dan) identical to
those of ectodin are indicated by bold letters. Cysteine residues that are
potentially used for dimerization in the Dan/Cerberus family are indicated
with d. ect, ectodin; scl, sclerostin; gre, gremlin; cer, cer1; dan, dan.
Fig. 2. Detection of recombinant mouse ectodin. (A) The cell lysate and
culture medium of insect cells expressing recombinant mouse ectodin were
separated by SDS–polyacrylamide gel electrophoresis under reducing
(DTT) or nonreducing (DTT) conditions followed by Western blotting
analysis with anti-E tag antibodies. (B) Purified recombinant mouse ecto-
din (0.5 g) was separated by SDS– polyacrylamide gel electrophoresis
under reducing conditions. DTT, 1,4-dithiothreitol.
Fig. 3. Effects of ectodin on alkaline phosphatase activity in MC3T3-E1
cells induced by BMPs. MC3T3-E1 cells were treated with 10 ng/ml
BMP2, BMP4, BMP6, or BMP7, and different concentrations of mouse
recombinant ectodin (0–100 ng/ml) for 72 h. After treatment, alkaline
phosphatase activity in MC3T3-E1 cells was determined. Results are the
means  SD for five independent wells.
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din. Hence, the feedback mechanism whereby BMPs up-
regulate their own inhibitor is counteracted by signals co-
expressed with BMPs in the enamel knot. Our results show
that ectodin integrates BMP signaling with the SHH and
FGF signal pathways in teeth and apparently also other
ectodermal organs, such as vibrissae and pelage hairs.
Materials and methods
Isolation of mouse ectodin cDNA
Amino acid sequences predicted from mouse cDNAs of
unknown function in the GenBank nucleotide sequence da-
tabase were analyzed by PSORT (http://www.psort.ims.u-
ac.jp). cDNAs encoding putative secreted proteins were
identified. The full-length cDNA was isolated by poly-
merase chain reaction (PCR) with mouse kidney cDNA
as a template and named ectodin. By BLAST (Basic
Local Alignment Search Tool, http://www.ncbi.nlm.gov/
BLAST)—searching human genomic DNA sequences in
the GenBank with the amino acid sequence of mouse ecto-
din—human ectodin genomic DNA was identified. A full-
length cDNA of human ectodin was isolated by PCR with
human brain cDNA as a template.
Production of recombinant mouse ectodin in insect cells
The mouse ectodin cDNA with a 75-bp DNA fragment
encoding an E tag (GAPVPYPDPLEPR) and a His6 tag
(HHHHHH) at the 3 terminus of the coding region was
constructed in a transfer vector DNA, pBacPAK9. Recom-
binant baculovirus containing the ectodin cDNA with the
tag sequences was obtained by cotransfection of Sf9 cells
with the recombinant pBacPAK9 and a Bsu36I-digested
Fig. 4. Binding of ectodin to BMPs. Mouse recombinant ectodin was fixed on the carboxymethyl sensor tip. The binding of different concentrations of BMP2,
BMP4, BMP6, BMP7, or bovine serum albumin as a control on the tip was analyzed by using the BIAcore 2000.
Table 1
Binding of ectodin to BMPs
kd (s1) ka (M1)  s1) Kd (M)
BMP2 1.94 103 4.94  105 3.93  109
BMP4 6.73 103 6.76  105 9.96  109
BMP6 8.52 104 1.60  105 5.33  109
BMP7 1.89 103 2.23  105 8.48  109
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expression vector, BacPak6. High Five cells infected with
the recombinant baculovirus were cultured at 27°C for 72 h
in serum-free medium EX-CELL 400.
The culture medium and cell lysate of High Five cells by
infection with recombinant baculovirus were separated by
SDS–polyacrylamide gel (12.5%) electrophoresis under re-
ducing or nonreducing conditions and transferred onto a
nitrocellulose membrane (Hybond-ECL). The protein with
the E tag on the membrane was visualized as described
(Miyake et al., 1998). Recombinant mouse ectodin was
purified from the culture medium by affinity chromatogra-
phy using Ni-NTA agarose, and desalted by gel filtration
chromatography using Bio-Gel P-6 DG in phosphate-buff-
ered saline containing 100-g/ml bovine serum albumin.
Purified recombinant mouse ectodin (0.5 g) was sepa-
rated by SDS– polyacrylamide gel (12.5%) electrophoresis
under reducing condition followed by protein staining with
Coomassie Brilliant Blue R-250. Prestained Protein Marker
Broad Range (New England Biolabs) was used as molecular
mass standard proteins.
Fig. 5. Whole-mount in situ hybridization analysis of ectodin expression (A) E11 mouse embryo showing expression on the surface of the branchial arches
and in limb buds. (B) Frontal view of E11 head shows staining at the surface of facial processes. (C) At E12, staining in vibrissae is seen as circles. (D) At
E14, the vibrissae, hair follicles, and ear auricle show ectodin expression. (E) In the dissected E14 mandible molar tooth germs, tongue papillae and surface
ectoderm express ectodin intensely. (F) In the dissected urogenital block of E13 embryo, ectodin expression is seen in the stalk and tips of ureter in the
kidneys. In the testes, expression is intense in the spermatic ducts. Bar, 100 mm.
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MC3T3-E1 cell culture
Mouse preosteoblastic MC3T3-E1 cells were maintained
and subcultured for 3 or 4 days at 37°C in a humidified
atmosphere of 5% CO2 in air in -modified minimum es-
sential medium (MEM) containing 10% fetal bovine serum
(FBS), 100 units/ml penicillin G, and 100 g/ml strepto-
mycin in a humidified CO2 incubator.
Alkaline phosphatase activity in MC3T3-E1 cells
For determination of alkaline phosphatase activity,
MC3T3-E1 cells were plated at a density of 1  105 cells/
well in 48-well plates. After the cells had reached conflu-
ence, the medium was replaced with -MEM containing
100 units/ml penicillin G, 100 g/ml streptomycin, 10 mM
-glycerophosphate, and 50 g/ml ascorbic acid, and cells
were cultured for 24 h. The cells were then cultured in
-MEM containing 1% FBS, 100 units/ml penicillin G, 100
g/ml streptomycin, 10 mM -glycerophosphate, 50 g/ml
ascorbic acid, 10 ng/ml recombinant human BMP2, BMP4,
BMP6, or BMP7 protein (R&D systems), and 0–100 ng/ml
recombinant mouse ectodin protein for 72 h. Cells were
washed twice with ice-cold PBS and scraped in 10 mM
Tris–HCl containing 2 mM MgCl2 and 0.05% Triton X-100,
pH 8.2. The cell suspensions were sonicated on ice. Ali-
quots of supernatants were assayed for protein concentra-
tion and alkaline phosphatase activity as described (Takeu-
chi et al., 1997). For the alkaline phosphatase activity, the
assay mixture contained 10 mM p-nitrophenyl phosphate in
0.1 M sodium carbonate buffer, pH 10, supplemented with
1 mM MgCl2, and was incubated at 37°C for 30 min. After
0.1 M NaOH was added, the amount of p-nitrophenol lib-
erated was measured by using a spectrophotometer.
Examination of the binding of ectodin to BMPs
Recombinant mouse ectodin protein was fixed on a car-
boxymetheyl (CM5) sensor tip (Amersham Pharmacia Bio-
tech). The binding of BMP2, BMP4, BMP6, or BMP7 to the
ectodin on the tip was analyzed by using the BIAcore 2000
system (Amersham Pharmacia Biotech). The equilibrium
dissociation constant was determined by using the BIA
evaluation software (Amersham Pharmacia Biotech).
Analysis of ectodin mRNA expression in mouse adult
tissues by real-time quantitative PCR
Mouse tissue cDNA was synthesized in a reaction mix-
ture (20 l) containing Moloney murine leukemia virus
reverse transcriptase, a random hexadeoxylnulceotide
primer, and mouse tissue RNA (5 g) as a template. Mouse
ectodin cDNA in the tissue cDNA was determined in a
Model 7700 Sequence Detector with a TaqMan probe for
mouse ectodin cDNA. The copy numbers of ectodin cDNA
were determined according to the manufacturer’s instruc-
tions.
Collection of mouse tissues and in situ hybridization
Tissues were collected from NMRI mouse embryos and
pups starting from embryonic day 11 (E11) to 3 days post-
natal (PN3). For in situ hybridization, the tissues were fixed
in 4% paraformaldehyde (PFA). Radioactive in situ hybrid-
ization was performed on paraffin or frozen sections as
Fig. 6. (A) Sagittal section showing ectodin expression in E13 mouse
embryo. Expression is intense in ectoderm and in vibrissae. Also, dorsal
root and other ganglia show ectodin transcripts. (B) In a frontal section
through E14 head, the molar tooth germs and surface ectoderm express
ectodin intensely. (The circular staining surrounding the neural retina in the
eyes is due to pigment and is therefore nonspecific.)
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described earlier (Wilkinson and Green, 1990). Probes were
labeled with 35S–UTP (Amersham); exposure time was 14
days. Whole-mount in situ hybridization was done as de-
scribed earlier (Raatikainen-Ahokas et al., 2000). The fixed
embryos were de- and rehydrated in a methanol series,
treated with proteinase K (10–20 g/ml; 5–30), and re-
fixed in 4% PFA containing 0.1% glutaraldehyde. The
digoxigenin-labeled probes were detected with alkaline
phosphatase-coupled anti-digoxigenin antibody using BM
purple AP substrate precipitating solution as a color sub-
strate (Boehringer Mannheim GmbH). The mouse ectodin
probe was a 657-bp fragment (nucleotides 1–657) inserted
into pGEM-T vector. The murine Lef1 and Msx2 probes
have been described earlier (Jowett et al., 1993; Travis et
al., 1991).
Organ culture experiments
The lower molar teeth from E13 NMRI mouse embryos
were dissected and cultured as described earlier (Laurikkala
et al., 2001). Affi-gel agarose beads (Biorad) were soaked in
the following recombinant proteins: SHH (50 ng/l; R&D),
BMP2 (50 ng/l) and BMP7 (100 ng/l; gifts from J.
Wozney, Genetics Institute), and ectodin (50 ng/l). Hep-
arin acrylic beads were used with FGF4 protein (25 ng/l;
R&D). The treatment of beads has been described earlier
(Laurikkala et al., 2002). The generation of the NIH3T3 cell
line expressing Wnt6 has been previously described (Ket-
tunen et al., 2000).
Results
Identification of mouse ectodin cDNA
We identified cDNAs encoding novel putative secreted
proteins by analyzing amino acid sequences predicted from
mouse cDNAs of unknown function in the GenBank with
PSORT (Prediction of Protein Sorting Signals and Local-
izations in Amino Acid Sequences). One of them was the
kidney cDNA. We isolated the full-length cDNA from the
kidney. It encoded a putative secreted protein of 206 amino
acids with a putative signal sequence (22 amino acids) at its
N terminus (Fig. 1A) (GenBank Accession No. AB059271).
By BLAST-searching the GenBank database with the amino
acid sequence, we found that the sequence was most ho-
mologous (37% amino acid identity) to that of mouse
sclerostin of 211 amino acids (Fig. 1A). Sclerostin is en-
coded by the SOST gene that was originally identified as the
gene causing human sclerosteosis, a progressive sclerosing
bone dysplasia with an autosomal recessive mode of inher-
itance (Balemans et al., 2001; Brunkow et al., 2001). Mouse
sclerostin is encoded by a mouse orthologue of human
SOST. Sclerostin is a novel secreted BMP antagonist (Kusu
et al., 2003). We termed the novel putative secreted protein
ectodin, for ectodermal BMP inhibitor. Ectodin has a cys-
teine-rich (8 cysteine residues) region in the core region
(Fig. 1A). The positions of cysteines in ectodin and scleros-
tin are highly conserved. Conserved six cysteine residues
and a glycine residue (1, 3, 4, 5, 7, 8, and g in Fig. 1B) are
essential to form the cystine knot (Isaacs, 1995). Ectodin
and sclerostin have two additional cysteine residues (2 and
6 in Fig. 1B). The spacing of cysteine residues is highly
homologous to those of BMP antagonists in the Dan/Cer-
berus family (gremlin, cer1, and dan; Fig. 1B). By analogy
with other cystine knot proteins (Stanley et al., 1998), four
possible disulphide bridges of ectodin, Cys1–Cys5, Cys2–
Cys6, Cys3–Cys7, and Cys4–Cys8, are estimated.
Identification of human ectodin
Human ectodin gene was found in the human genomic
DNA by BLAST-searching the GenBank database with the
amino acid sequence of mouse ectodin. We isolated human
ectodin cDNA from the brain cDNA. The nucleotide se-
quence revealed a complete amino acid sequence of human
ectodin (206 amino acids, GenBank Accession No.
AB059270), which is highly similar (95% amino acid
identity) to that of mouse ectodin (Fig. 1A). The coding
region of human ectodin was separated by a single intron of
2.5 kb between positions 69 (T) and 70 (R) (data not
shown). The core region containing the cystine knot motif
was coded by a single exon. The chromosomal localization
of human ectodin was found to be 7p21.2 by searching the
Ensembl database (http://www.ensemble.org/). This is a re-
gion of the gene causing craniosynostosis, type 1 (CRS1,
7p21.3–21.2). Ectodin could not be identified in the ge-
nomes of Drosophila or Camorhabditis elegans. However,
Zebrafish and Xenopus ectodin were identified in their ge-
nomes, indicating that ectodin is a gene specific for verte-
brates. The amino acid sequences of Zebrafish and Xenopus
ectodin are also highly identical to that of human ectodin
(67 and 69%, respectively) (N.I. et al., unpublished ob-
servations).
Production of recombinant mouse ectodin
To examine whether ectodin is a secreted protein, mouse
ectodin cDNA was expressed in cultured High Five insect
cells by infection with recombinant baculovirus containing
the mouse ectodin cDNA with the 3-terminal extension
encoding E and His6 tags. To detect recombinant mouse
ectodin, both the culture medium and cell lysate were ex-
amined by reducing SDS–polyacrylamide gel electrophore-
sis followed by Western blotting analysis with anti-E tag
antibodies. A major band of 28.5 kDa was detected only
in the culture medium, demonstrating that ectodin is a se-
creted protein (Fig. 2A). The observed molecular mass was
larger than the calculated molecular mass of recombinant
ectodin (25.6 kDa). As ectodin has possible N-glycosyl-
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ation sites at positions 47 (N) and 173 (N), it may be
glycosylated. Most cystine knot proteins are secreted as
dimers (Isaacs, 1995). Cer1 and dan are also secreted as
homodimers (Stanley et al., 1998). They have an additional
cysteine residue (d in Fig. 1B) that is potentially used for
dimerization. However, ectodin and sclerostin do not have
the cysteine residue. We examined mouse recombinant ec-
todin by nonreducing SDS–polyacrylamide gel electro-
phoresis followed by Western blotting analysis. Ectodin
migrated as a monomer, indicating that it was secreted as a
monomer (Fig. 2A). Recombinant mouse ectodin was puri-
fied from the culture medium of High Five cells by affinity
chromatography using Ni-NTA agarose. Purified recombi-
nant ectodin showed a major band of 28.5 kDa (Fig. 2B).
Effects of ectodin on BMP signaling in cultured
osteoblasts
Ectodin is most homologous to sclerostin, a BMP antag-
onist (Kusu et al., 2003), indicating that ectodin might be
also a BMP antagonist. BMPs were originally identified as
proteins in bone that induce ectopic bone and cartilage
formation in vivo. BMPs are signaling molecules for the
stimulation of osteoblast differentiation (Hogan, 1996). We
examined effects of ectodin on the activity of BMP2,
BMP4, BMP6, and BMP7 for the differentiation of
MC3T3-E1 cells by determining alkaline phosphatase ac-
tivity, a marker for osteoblast differentiation (Franceschi et
al., 1994). BMP2, BMP4, BMP6, and BMP7 greatly stim-
ulated the alkaline phosphatase activity in MC3T3-E1 cells
(Fig. 3). We examined effects of recombinant ectodin pro-
tein on the BMP activity. The activity of BMP2, BMP4,
BMP6, and BMP7 was inhibited by ectodin in a dose-
dependent manner (Fig. 3). Ectodin inhibited BMP2,
BMP4, and BMP7 with a higher activity, but BMP6 with a
lower activity. In a previous paper, we also examined ef-
fects of sclerostin and noggin, secreted BMP antagonists, on
the activity of BMP2, BMP4, BMP6, and BMP7 for the
differentiation of MC3T3-E1 cells (Kusu et al., 2003). The
specificity of ectodin to BMPs was different from those of
sclerostin and noggin.
Binding of ectodin to BMPs
As ectodin significantly inhibited the activity of BMP2,
BMP4, BMP6, and BMP7, we examined the binding of
ectodin to BMPs and bovine serum albumin as a control
using the BIAcore system with the recombinant ectodin
protein-fixed sensor tip. Typical binding and dissociation
curves of BMP2, BMP4, BMP6, and BMP7 were obtained,
although no typical curve of bovine serum albumin was
obtained (Fig. 4). The equilibrium dissociation constant was
also determined. Ectodin was found to bind to BMP2,
BMP4, BMP6, and BMP7 with high affinity (Table 1).
Expression of ectodin mRNA in embryonic and adult
mouse tissues
The expression of ectodin mRNA in mouse embryos
(E11–E14) was first examined by whole-mount in situ hy-
bridization (Fig. 5). At E11, diffuse staining was seen
throughout the surface of the embryo, and it was most
intense in the head region on the surfaces of the mandibular,
maxillary, and frontonasal processes (Fig. 5A and B). Anal-
ysis of tissue sections indicated that transcripts were present
both in the epithelium and the mesenchyme (not shown). At
E12–E14, staining was intense and strikingly confined to
developing ectodermal organs. The vibrissae, tylotrich hair
follicles, tongue papillae, and tooth germs as well as the ear
auricle showed intense staining (Fig. 5C–E). As reported
recently (Menke and Page, 2002), ectodin was also ex-
pressed intensely in kidney epithelium in the stalk and tips
of ureter as well as in the spermatic ducts in the testis (Fig.
5F), whereas the ovaries were negative (not shown).
Radioactive in situ hybridization analysis of sagittal sec-
tions of E13 embryos and of frontal sections of E14 heads
confirmed that ectodin expression was intense in surface
ectoderm and in ectodermal organs, including hairs, vibris-
sae, and teeth (Fig. 6A and B). Most other tissues in the
head and the body were negative. However, in addition to
the kidney and testis, expression was found in some tissues,
including the dorsal root and other ganglia (Fig. 6A).
The expression of ectodin mRNA in adult mouse tissues
was examined by real-time quantitative polymerase chain
reaction (PCR) with a TaqMan probe specific for mouse
ectodin and mouse tissue cDNAs as templates. Ectodin
mRNA was found to be abundantly expressed in the kidney,
and in situ hybridization analysis revealed expression in the
renal collecting ducts (data not shown).
Expression patterns of ectodin mRNA during mouse tooth
and hair development
Sectional in situ hybridization was used for more careful
analysis of the patterns of the ectodin transcripts in devel-
oping teeth (E12–PN3 mice) and hair follicles (E12–E18).
In tissues hybridized with ectodin sense probe, no specific
hybridization signal was detected (data not shown). Ectodin
was expressed at all stages of tooth and hair development
analyzed. During the early bud stage (E12) of molar tooth
development, the expression of ectodin was intense in the
mesenchyme on the buccal side of the epithelial tooth bud
(Fig. 7A). At the late bud stage (E13), ectodin expression
continued in the mesenchyme surrounding the epithelial
bud. In addition, transcripts were present in the bud epithe-
lium, but its tip where the enamel knot signaling center
starts to develop was negative (Fig. 7B). This pattern be-
came more evident during the cap stage (E14), and expres-
sion was intense in the tooth germ except in its center,
which was dominated by a strikingly negative round area
(Figs. 6B and 7C). The ectodin-negative domain had sharp
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boundaries, which did not correspond to anatomical tissue
boundaries. The enamel knot, which is a signaling center
expressing more than 10 signaling molecules, including 3
Bmps was in the center of the ectodin-negative area, and
several epithelial and mesenchymal cell layers surrounding
the enamel knot also lacked ectodin expression completely
(Fig. 7C). At E16, intense expression was seen in the outer
and inner enamel epithelia as well as in the mesenchymal
cells of dental follicle (Fig. 7D). Postnatally (newborn and
PN3 mice), the expression of ectodin became downregu-
lated in most cells of the tooth germ. Expression remained
intense in the mesenchymal dental follicle separating the
tooth from the surrounding alveolar bone and giving rise to
the periodontal ligament as well as in the cervical loop
region which gives rise to the root (Fig. 7E–F).
In the developing skin, ectodin was confined to ecto-
derm, and transcripts were detected throughout the simple
ectoderm covering the E12, E13, and E14 embryo (Figs.
7G, and 6A and B). When hair placode formation had
started (E14), ectodin expression was downregulated in the
placodal cells, which express several signaling molecules
(Fig. 7H) (Millar, 2002). Ectodin transcripts were seen in
the inner root sheath of the developing whisker follicles at
E18 (Fig. 7I). The expression analysis indicated that ectodin
is developmentally regulated during the morphogenesis of
teeth and hairs. Of particular interest was the complete
absence of ectodin transcripts in and around the epithelial
signaling centers in the hair placodes and in particular in the
tooth enamel knots, suggesting that these centers release
signals downregulating ectodin expression.
Fig. 7. Expression of ectodin during mouse tooth (A–F) and hair follicle (G–I) development. (A) During the early bud stage, ectodin transcripts are prominent
in the buccal mesenchyme (arrow). (B) In the late bud, ectodin is expressed in the dental mesenchyme and epithelium except for the forming enamel knot
at the tip of the upper tooth bud (arrow). (C) At the cap stage, expression is intense in the peripheral parts of the tooth, whereas the enamel knot (dashed
line) as well as the epithelium and mesenchyme surrounding it are completely negative. (D) At E16, intense expression is seen in the inner enamel epithelium
and follicle mesenchyme. (E–F) Postnatally, ectodin expression remains only in the dental follicle and cervical loop region (arrows). (G) Ectodin is expressed
in the E12 ectoderm. (H) At E14, ectodin expression continues in the epithelial cell layer, except in the basal cells of the newly forming hair placode (arrow).
(I) In vibrissae, ectodin is expressed in inner root sheath epithelium. Bar, 100 m.
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Ectodin antagonizes BMP function in teeth
The putative antagonizing effect of ectodin on BMP
signaling was analyzed in dissected tooth buds in organ
culture. We have shown previously that BMP2, BMP4, and
BMP7 induce the expression of Msx2 in dental tissues when
applied with agarose beads on cultured explants (Vainio et
al., 1993). We now placed beads soaked in ectodin protein
close to BMP2- or BMP7-soaked beads on E13 tooth buds
in culture and analyzed Msx2 expression after 24 h by
whole-mount in situ hybridization. Intense Msx2 staining
around the BMP2- and BMP7-soaked beads confirmed the
activity of the recombinant proteins (Fig. 8A, and results not
shown). Beads soaked in recombinant ectodin protein in-
hibited both BMP2-and BMP7-induced Msx2 expression.
Depending on the positioning of the beads, the inhibition
was either complete or some expression remained in the
tissue near the BMP bead opposite to the ectodin bead (Fig.
8B and C). When several ectodin beads were placed around
the BMP bead, Msx2 expression was completely inhibited
(Fig. 8D). Control BSA beads had no effects on Msx2
induction by BMP2 (Fig. 8E).
BMP2 and BMP7 stimulate ectodin expression in tooth
cultures
It is common that there are feedback mechanisms
whereby signaling molecules regulate the expression of
their own antagonists. We analyzed whether BMP2 and
BMP7 affect ectodin in E13 tooth cultures. Although en-
dogenous ectodin expression was present in the E13 tooth
buds, a dramatic increase in the intensity was seen around
Fig. 8. Ectodin antagonizes the function of BMP2 and BMP7 as inducers of Msx2 expression in E13 tooth buds. (A) Induction of Msx2 expression by a bead
releasing BMP2. (B–D) Ectodin (small beads) inhibits the induction of Msx2 expression by BMP2 and BMP7 (large beads). (E) The control BSA bead has
no effect on BMP-induced Msx2 expression. Bar, 100 m.
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BMP2 and BMP7 beads after 24 h culture (Fig. 9A and B).
Control BSA beads had no effect on ectodin expression
(Fig. 9I). Hence, these findings indicate that ectodin is a
BMP-induced BMP antagonist.
FGF4 and SHH counteract the stimulatory effect of BMP
on ectodin expression
The striking lack of ectodin expression in and around the
enamel knots and in the center of whisker and hair follicles
suggested that molecules from the signaling centers may
suppress ectodin expression. In addition to Bmp2, -4, and -7,
also Shh, Fgf3, -4, and -9 as well as Wnt5a, -10a, and 10b
show restricted expression in the enamel knots (Gene ex-
pression in tooth, 2003; Thesleff and Mikkola, 2002). We
analyzed whether FGF4, SHH, or WNT6 would affect the
induction of ectodin expression by BMP2 and BMP7.
WNT6 was introduced by 3T3 cells expressing the protein,
and other bioactive molecules were applied with beads. The
cell aggregates or beads were placed adjacent to the BMP
beads on E13 tooth explants, and ectodin expression was
monitored after 24 h by whole-mount in situ hybridization.
Dramatic inhibition of ectodin expression was caused by
FGF4- and SHH-releasing beads (Fig. 9C and D). The 3T3
cells expressing Wnt6 did not have any obvious effect on
ectodin expression, and BSA control beads were also with-
out an effect (Fig. 9E and F). The activity of the Wnt6-
expressing cells was confirmed by the induction of Lef1
expression (not shown). We also analyzed whether FGF4 or
SHH could suppress endogenous ectodin expression. When
FGF4 or SHH beads were added without BMP beads on
E13 tooth explants, ectodin expression was markedly inhib-
ited near FGF4 beads, but SHH beads had no effect (Fig. 9G
and H). Control BSA beads did not affect ectodin expres-
sion (Fig. 9I). The actual mechanism whereby FGF and
SHH inhibit ectodin expression remains to be elucidated in
detail. We conclude that FGF and SHH signals from the
enamel knot apparently counteract the effect of BMP in
inducing its antagonist ectodin.
Discussion
Ectodin is a novel secreted BMP antagonist
We identified ectodin in a database search for novel
secreted proteins. Ectodin is most homologous to sclerostin,
a novel BMP antagonist (Kusu et al., 2003). Sclerostin
(SOST) was cloned as the gene which, when mutated,
causes human sclerosteosis syndrome (Balemans et al.,
2001; Brunkow et al., 2001). The sclerosteosis syndrome
affects bone formation, and BMPs which were originally
cloned as factors promoting bone formation are central
regulators of bone development. Both ectodin and sclerostin
contain cysteine-rich (CR) domains. Their spacing is very
similar in the secreted BMP antagonists of the Dan/Cerbe-
rus family and chordin (Hsu et al., 1998; Pearce et al.,
1999). The CR domain binds TGF family members, in-
cluding BMPs (Millet et al., 2001). In a recent study, con-
nective tissue growth factor (CTGF) was shown to inhibit
BMP signaling in cells, and this inhibition is also mediated
by the direct binding of the CR domain to BMP4 (Garcia et
al., 2002). We produced recombinant ectodin protein in
cultured cells. Unlike other secreted BMP antagonists, ec-
todin was efficiently secreted as a monomer. We showed
that recombinant ectodin protein inhibited the activity of
BMPs in cultured cells, and that ectodin bound to BMPs
with high affinity. We did not find the ectodin gene in
Drosophila and C. elegans. It was, however, present in the
Xenopus and zebrafish genomes, indicating that ectodin is
specific for vertebrates.
In order to further analyze the proposed function of
ectodin as a BMP antagonist, the recombinant protein was
introduced with small agarose beads to explants of devel-
oping teeth in organ cultures, and its ability to inhibit the
well known stimulatory effect of BMPs on the expression of
the homeobox-containing transcription factor Msx2 was
tested (Vainio et al., 1993). When an ectodin-releasing bead
was placed next to a bead soaked either in BMP2 or BMP7,
the induction of Msx2 in the tooth explant was inhibited and
this inhibition was complete when several ectodin-releasing
beads were placed around the BMP bead. Hence, based on
the amino acid sequence of ectodin as well as our functional
in vitro studies, we conclude that ectodin is a secreted BMP
antagonist which prevents BMP action via a similar mech-
anism as some well characterized BMP inhibitors, including
noggin, chordin, and dan.
Of the currently known genes, ectodin shows closest
sequence similarity to SOST, which was cloned as the gene
which, when mutated, causes human sclerosteosis syndrome
(Balemans et al., 2001; Brunkow et al., 2001). The corre-
sponding protein was called sclerostin, and our recent data
indicate that it is also a BMP inhibitor (Kusu et al., 2003).
The sclerosteosis syndrome affects bone formation, and
BMPs, which were originally cloned as factors promoting
bone formation, are central regulators of bone development.
During the completion of this study, two groups cloned
ectodin using subtractive hybridization analyzes; in the first,
as a gene highly expressed during maximal uterine sensi-
tivity in the rat, and in the other as a gene expressed in the
embryonic testis but not in the ovary (Menke and Page,
2002; Simmons and Kennedy, 2002). Although the function
of the gene as a BMP or TGF inhibitor was not proposed
or discussed in these publications, the reported expression
patterns are in line with a function as a BMP inhibitor. Also,
in the second paper, follistatin, a well known TGF inhib-
itor, was together with ectodin among the 19 differentially
expressed genes found in the screen.
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Ectodin is a target of BMP signaling and its expression is
developmentally regulated in teeth and other ectodermal
organs
BMPs are key signaling molecules during the morpho-
genesis of vertebrates and invertebrates (Wozney, 1988;
Hogan, 1996; Graff, 1997). They act as morphogens and
their activity is regulated by various downstream effectors
and inhibitors as well as by extracellular antagonists (von
Bubnoff and Cho, 2001; Balemans and Van Hul, 2002).
BMPs frequently stimulate the transcription of their own
antagonists. For instance, the secreted BMP antagonist nog-
gin is regulated by BMPs in several cultured tissues, includ-
ing limb buds, somites, and branchial arches (Merino et al.,
1998; Kameda et al., 1999; Stottman et al., 2002). Also
bambi, a transmembrane BMP antagonist, is induced by
BMPs, and its expression is intense in several target tissues
of BMP4 (Grotewold et al., 2001). We showed that the
expression of ectodin is also positively regulated by BMPs.
A dramatic increase in ectodin transcripts was observed
when BMP2 or BMP7 was applied with beads on cultured
explants of dental tissues.
The expression patterns of ectodin are in line with an
association with BMP signaling. Whole-mount in situ hy-
bridization analysis of E11–E13 mouse embryos showed
that it was intensely expressed in the ectoderm and its
appendages as well as in some other developing organs. We
confirmed the recently reported expression in kidneys and
gonads (Menke and Page, 2002) and localized strikingly
intense expression in vibrissae, teeth, and pelage hair. Our
detailed in situ hybridization analysis of serial tissue sec-
tions of developing teeth revealed associations with epithe-
lial mesenchymal interactions governing tooth development
as well as with BMP signaling. We have earlier reported the
patterns of expression of six different Bmp genes during
tooth development (Åberg et al., 1997). During early stages
of molar tooth development (E12–E14), ectodin transcripts
were predominatly present in mesenchyme, and most in-
tensely in the mesenchyme at the buccal side of the tooth
bud at E12. This pattern corresponds to the expression of
Bmp4, which is induced by BMP signals from the epithe-
lium (Vainio et al., 1993) and hence is in line with ectodin
being a target of BMP signaling. Postnatally, ectodin tran-
scripts were observed in the mesenchymal dental follicle as
well as in the epithelial cervical loop, a known site of BMP
signaling (Yamashiro et al., 2003). Interestingly, of the
different BMPs, Bmp3 is coexpressed with ectodin in the
dental follicle (Åberg et al., 1997), and BMP3 has been
implicated as a BMP antagonist (Daluiski et al., 2001).
However, during the cap stage of tooth development, the
pattern of ectodin transcripts did not correlate with putative
target tissue of BMPs. Ectodin was completely absent from
the enamel knots and the tissue surrounding them, although
the enamel knots express locally three Bmps (2, 4, and 7),
which presumably signal to the surrounding tissue and reg-
ulate the patterning of the tooth cusps (Jernvall et al., 2000;
Salazar-Ciudad and Jernvall, 2002). The complete absence
of ectodin expression around the enamel knot and the sharp
boundaries to the ectodin-positive peripheral tissue sug-
gested that ectodin expression may be inhibited by signals
from the enamel knot (see below). This pattern is unique
and similar expression has not been reported for other genes
in developing teeth (Gene expression in tooth, 2003).
During hair follicle development, the expression of ec-
todin was restricted to the ectoderm. Ectodin transcripts
were observed throughout the thin ectoderm at E12, and
when the first forming pelage hair placodes formed at E14,
ectodin expression was excluded from the basal cells of
these epithelial thickenings. Like the enamel knots, also hair
placodes express several genes belonging to conserved sig-
naling pathways, including Bmp2, Lef1, Wnt10a, and Shh
(Millar, 2002). Hence, like in teeth, ectodin transcripts were
downregulated in the epithelial signaling centers of devel-
oping hairs, suggesting that it may have a conserved func-
tion in organs developing as ectodermal appendages. How-
ever, unlike in teeth, ectodin was completely absent from
the mesenchyme in developing hair. Interestingly, the BMP
inhibitor noggin, which is an important regulator of hair
development, is expressed in the skin mesenchyme (Botch-
karev et al., 1999). Noggin is not present in developing teeth
(our unpublished observations), and a preliminary analysis
revealed no significant tooth phenotype in chordin or noggin
homozygote mice (Stottmann et al., 2001). It is therefore
possible that noggin and ectodin have similar functions in
hair and tooth development, respectively.
Integration of signal pathways in the enamel knot: FGF4
and SHH inhibit BMP-induced ectodin expression
The enamel knots are signaling or organizing centers
regulating tooth morphogenesis. They express locally more
than 10 conserved signal molecules, including SHH, FGF3,
-4, and -9, Wnt10a, and -b as well as BMP2, -4, and -7
(Jernvall and Thesleff, 2000). We showed that SHH and
FGF4, but not Wnt6, were potent inhibitors of the BMP-
induced expression of ectodin in cultured tooth explants.
The localization of ectodin transcripts in vivo indicated that
the ectodin-negative area extended several cell layers be-
yond the enamel knot and had a sharp boundary. This
boundary may represent the distance that the inhibitory
activity of FGF and/or SHH signals on ectodin expression
extended from the enamel knot and where they thus influ-
enced BMP signaling.
The individual signals in the enamel knot probably have
several different functions. FGF4 and SHH have previously
been shown to regulate growth of the tissues surrounding
the enamel knot. FGF4 is a potent stimulator of both epi-
thelial and mesenchymal cell proliferation and its function
as an inducer of mesenchymal Fgf3 is necessary for mor-
phogenesis (Jernvall and Thesleff, 2000; Kratochwil et al.,
2002). SHH also affects both epithelial and mesenchymal
tissues and it is required for the growth of the epithelium
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flanking the enamel knot and for subsequent tooth morpho-
genesis (Dassule et al., 2000). The present results indicate
that one function of SHH and FGF4 (and perhaps other
FGFs coexpressed in the knot, namely FGF3,9, and20)
may be to counteract the feedback mechanism whereby
BMPs upregulate their own inhibitor and thereby enhance
the function of BMPs. Bmp2 4, and 7 are expressed in
the enamel knots, and hence the extent of their target tissue
may be determined by the ectodin-negative area determined
by SHH and/or FGFs (Fig. 10).
The balance between BMPs and their antagonists is cru-
cial for proper embryonic development. For example, axi-
ally secreted noggin inhibits BMP signaling and thus allows
the normal patterning of the neural tube and somites during
mouse embryogenesis (McMahon et al., 1998). In Xenopus
embryos, noggin and chordin inhibit BMP signaling, and
this is required for the formation of head and trunk devel-
opment (McMahon et al., 1998; Miller-Bertoglio et al.,
1997; Schulte-Merker et al., 1997). In hairs and feathers,
BMPs act as inhibitors of placode development, and noggin
is required for inhibition of their activity in hair develop-
ment (Jung et al., 1998; Botchkarev et al., 1999). BMP
inhibitors have been shown to be associated with FGF and
SHH signaling and to regulate the function of other embry-
onic signaling centers. Gremlin regulates the FGF/SHH
feedback loop during limb outgrowth, and FGF and Wnt
participate in neural induction with BMPs and their secreted
antagonists, such as noggin and chordin (Zuniga et al.,
1999; Sasai and De Robertis, 1997). Interestingly, in dental
tissue, FGF has earlier been shown to stimulate the expres-
sion of the BMP inhibitor dan (Mandler and Neubuser,
2001), which is opposite to the negative effect of FGF on
ectodin expression seen in our study. Unlike ectodin, dan
expression is confined to dental mesenchyme, and it over-
laps partly with ectodin in the mesenchyme (Mandler and
Neubuser, 2001; unpublished observations). This empha-
sizes the complexity of the signaling networks operating
during morphogenesis.
The downregulation of ectodin around the enamel knot
may be essential to allow the function of BMPs in this area.
It is, in general, difficult to predict the functions of individ-
ual signals and their inhibitors in signaling centers such as
enamel knots because of the integration of the pathways at
different levels. We know that the net result of enamel knot
signaling is the establishment of the shape of the tooth.
Signals from the enamel knot induce secondary enamel
knots in the neighboring epithelium, and these initiate the
folding of the epithelium and the formation of tooth cusps
(Jernvall and Thesleff, 2000). The locations of the second-
ary enamel knots therefore determine the shape of tooth
crown. We showed previously that the patterns of genes in
BMP, SHH, FGF, and Wnt pathways predict the cusp pat-
terns in two different mammalian species before morpho-
logical changes are evident (Jernvall et al., 2000). The
overlapping expression patterns suggested that the pathways
were linked, and ectodin now represents one such link. It is
possible that the boundaries of ectodin expression determine
the sites of the secondary enamel knots. A gene network
model was recently presented by Salazar-Ciudad and Jern-
vall (2002), which is based on activators and inhibitors from
Fig. 9. Ectodin expression is induced by BMPs in E13 tooth buds and the
induction is counteracted by FGF and SHH. (A, B) Beads releasing BMP2
and BMP7 induce ectodin expression. (C) FGF4 (white bead) inhibits the
stimulation of ectodin expression by BMP2 (blue bead). (D) SHH (larger
bead) inhibits the stimulation of ectodin expression by BMP2. (E) Cell
aggregates expressing Wnt6 (dashed line) do not inhibit the induction of
ectodin by BMP2. (F) Control BSA bead (white) has no effect on ectodin
induction by BMP2. (G) FGF4 suppresses endogenous ectodin expression
in the tooth germ. (H) SHH has no effect on endogenous ectodin expres-
sion. (I) Control BSA bead does not affect ectodin expression. Bar, 100
m.
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the enamel knot and can reproduce the patterns of secondary
enamel knots as well as species-specific tooth morphologies
when the parameters of the model are changed. Hence, the
fine tuning of signaling from the enamel knot has a major
role in generation of different tooth shapes. Our present
study further highlights the mechanisms for fine-tuning of
BMP activity and its integration with the FGF and SHH
pathways, especially in the morphoregulatory role of the
ectodermal signalling centers.
Based on the striking association of ectodin expression
with developing vibrissae, hairs, tongue papillae, and teeth,
and the demonstration of its relationships with the BMP,
FGF, and SHH pathways in the tooth enamel knots, we
suggest that ectodin is an important regulator of the mor-
phogenesis of ectodermal organs. In particular, ectodin may
regulate the functions of the ectodermal signaling centers by
defining the exact spatiotemporal domain of the BMP target
field.
Note added in proof
While this paper was in press the same gene was reported
by the name WISE (Wrt modulator in surface ectoderm) in
Xenopus by Itasaki et al., Development 130, 4295–4305, 2003.
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